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ABSTRACT 
Among different interventions and repairing techniques used in case of historical constructions, textile 
reinforced mortar (TRM) has been of a high interest between researchers given its compatibility with 
historical masonry, in addition to many other advantages. 
The present thesis discusses researches that were carried out so far in the field, using TRM as an 
innovative composite material for strengthening and repairing historical masonry. 
A group of two unreinforced brick masonry specimens and four retrofitted specimens from both sides 
were built at UPC laboratory and subjected to diagonal compressive test (DCT) in accordance to ASTM 
standard. 
In parallel to DCT, minor tests were performed on the constituents of the specimens (mortar, matrix and 
bricks) to determine their mechanical properties. 
The main purpose was to experimentally characterize and evaluate basalt and steel textile embedded 
into inorganic hydraulic lime coating as a strengthening system. This innovative technique was applied 
to the brick masonry in order to improve the in-plane shear and deformation capacity.  
Furthermore, an analytical review in literature was carried out to check the possibility of applying the 
models proposed to estimate the contribution of different innovative materials in case of TRM in terms 
of reliability and aptness to the experimental results obtained. 
At the end, the analytical approach proposed by ACI 549_4R_13 was proven effective in case of 
estimation of the shear contribution of TRM in case of the strengthened masonry. 
Recommendations were built relaying on the conclusion of the work.  
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RESUMEN 
 
Entre las diferentes técnicas de refuerzo y reparación que se utilizan para construcciones históricas, el 
mortero reforzado con mortero (TRM) ha despertado gran interés en la comunidad científica debido, 
entre otras ventajas, a su compatilidad con la mampostería histórica. 
La presente tesis expone los estudios realizado previamente usando TRM como un material compuesto 
que se presenta innovador para el refuerzo y reparación de construcciones históricas. 
Dentro del marco experimental desarrollado en el laboratorio de la UPC, se construyeron dos 
especímenes de mampostería de ladrillo no reforzados y cuatro especímenes de mampostería de 
ladrillo reforzados por ambos lados. Los especímenes fueron sometidos a ensayos de compresión 
diagonal (DCT) siguiendo la normativa ASTM. 
Al mismo tiempo, se llevaron a cabo ensayos en los materiales constituyentes de la mampostería y el 
refuerzo (mortero de juntas, ladrillos, y mortero de refuerzo) para determinar las propiedades mecánicas 
de los mismos. 
El principal objetivo del presente documento es la caracterización experimental de un sistema de 
refuerzo basado del textil de basalto combinado con acero y embebido en mortero hidráulico como 
sistema de refuerzo. Esta innovadora técnica se aplicó sobre mampostería de ladrillo con el fin de 
incrementar su capacidad resistente a corte y su deformabilidad. 
Además, dentro de la literatura disponible sobre este nuevo material, se realizó una compilación de 
fórmulas analíticas con el fin de determinar la aplicabilidad de los modelos para la estimación de la 
contribución del refuerzo a la resistencia a cortante. De dicho estudio se realizó una comparación con 
los valores experimentales obtenidos para determinar la confiabilidad de los distintos modelos. 
Finalmente, el modelo analítico propuesto por la normativa ACI 549_4R_13 fue el que presento una 
estimación de la contribución del refuerzo a cortante más próximas a las obtenidas durante la campaña 
experimental para el caso de paredes de mampostería de la ladrillo reforzadas. 
Para concluir, de las conclusiones extraídas del presente estudio, se extienden una serie de 
recomendaciones. 
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 الملخص
وذلك  من أهم وسائل التقوية الحديثة,  )MRT( من بين مختلف وسائل تدعيم المنشآت التاريخية, تعد المونة المسلحة بالألياف
بسبب ملائمتها للقيمة التاريخية للمنشآت القديمة إضافة للعديد من السمات الايجابية لهذه المادة المركبة من الياف ومونة 
 .نسيجية تعمل كطبقة تغطية
تم هذه الاطروحة تتناول البحث  في الدراسات العلمية التي أجريت في هذا المجال حتى الآن إضافة للتجارب المخبرية التي 
 LLOKAREK. وتحت رعاية شركة )CPU( تنفيذها في مخابر جامعة كاتالونيا التقنية
 :الهدف الاساسي من هذه الأطروحة ينقسم الى شقين
أولا: دراسة السلوك الميكانيكي لأنظمة التسليح الزلزالي المكون من ألياف البازلت والفولاذ المتموضعة داخل مونة جيرية -
 .ييم كفاءة الجدران الحجرية التاريخية المسلحة بهذا الأنظمةهيدروليكية إضافة لتق
 )PRF(ثانيا: التحقق من الموديلات الحسابية المقترحة من قبل الكود الامريكي والمراجع الإيطالية لتصميم ال
  )MRT(.من حيث المصداقية وقابلية التطبيق في حال ال )MCRF(وال
الموديلات الحسابية المقدمة في الكود الامريكي مع بيان عدم قابلية تطبيق المراجع ونتيجة لذلك, تم إثبات قابلية تطبيق 
 .الايطالية, واعتمادا على ذلك, مجموعة من التوصيات للأعمال القادة قد تم اقتراحها
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1. INTRODUCTION 
1.1. Motivation 
Either brick or stone masonry structures have shown through history a vulnerable behavior under 
seismic events and lateral loads. This vulnerability is a result of being composed of brittle materials that 
have resulted in a low shear resistance. 
This issue revealed the need to intervene and develop retrofitting techniques that are compatible with 
historical masonry to upgrade the shear strength and the ductile behavior at the same time. 
Accordingly, various and wide-spread techniques of strengthening and seismic retrofitting such as grout 
injection, rebars repointing and applications of overlays have been experimentally studied to assess 
their effectiveness by researchers. 
Amongst these techniques, the application of external reinforcements to historical masonry on one or 
both sides had, and still have, a significant interest within researchers. 
Being a promising technique, textile reinforced mortar (TRM) offers advantageous characteristics in 
terms of the mechanical behavior and the physical properties (permeability) that have attracted 
researchers to quantify and study its contribution as a composite material to enhance the shear behavior 
of the historical masonry. 
Furthermore, in spite of TRM is an attractive composite material from a mechanical and technological 
point of view, there are no standards or guidelines for the analytical estimation of TRM effectiveness as 
a strengthening system or even the efficiency of the constructions strengthened with this composite 
material. 
1.2. Objectives 
The general objective of this thesis is to contribute with experimental research to the characterization of 
the structural behaviour of TRM retrofitted brick masonry walls subjected to shear actions. 
The work done in this thesis mainly aimed at two specific objectives: 
- Firstly, to experimentally characterize the in-plane behavior of masonry that were retrofitted with basalt 
and steel meshes embedded into inorganic hydraulic lime matrix. In addition to assess the enhancement 
provided by the reinforcement in term of load bearing capacity. 
- Secondly, to carry out a literature review on analytical formulations available, in order to validate and 
evaluate the appropriateness of the analytical models provided by the standards in quantifying the 
contribution of the applied reinforcement to improve the shear capacity of the masonry. 
1.3. Outline of the thesis 
This work is divided into seven chapters. 
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The first chapter concerns the main motivations and the objectives of the thesis. 
In the second chapter a state-of-the-art is listed, where a literature research about the composite 
materials and their related tests in addition to analytical models proposed by the standards and previous 
researches are discussed. 
Chapter three illustrates in detail the experimental program that was carried out at UPC´s laboratory in 
terms of preparation works, tests set up and testing procedures. 
The forth chapter deals with the results acquired experimentally and the analysis of the data. 
A discussion and a comparison between the analysed results are present in the fifth chapter regarding 
the mechanical behavior of the retrofitted specimens in comparison with the unreinforced ones. 
In the sixth chapter, an analytical investigation into the standards is provided. 
Eventually, the seventh chapter concludes the work done by proposing recommendations for future 
research. 
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2. STATE OF THE ART 
This chapter presents a literature review about the retrofitted masonry structures with composite 
materials as well as the mechanical characterization of the components. 
2.1 Overview about the composite materials in heritage constructions 
Among the different innovative materials that are used worldwide, fiber reinforced polymers have been 
largely used in the field of strengthening and restoration of the existing constructions. 
Given the advantageous characteristics that FRP strengthening systems have, it is globally used with 
considerable interests as a result of its high tensile strength, the corrosion resistance, the ease of 
installation. 
Such features have motivated researchers to further study the behavior of FRP as a system, its 
components and its compatibility with the heritage structures. 
These studies led to spot interesting drawbacks in its usage for historical constructions. For instance, 
the noticeable affection by high temperature and the difficulties to apply in moist conditions and low 
permeability or vapor barrier.  
In historical substrates, where the vapor permeability is essentially required, FRP strengthening systems 
act as handicaps of permeability compromising the compatibility with these types of structures (Lignola 
et al 2017) [1]. 
These drawbacks stem mainly from the epoxy matrix which, in most cases, acts both as the binding 
means of the fibres and as the bonding agent between the composite and the substrate (Triantafillou et 
al 2006) [2]. 
The first step towards the application of textile reinforced mortar (TRM) was the replacement of the 
epoxy resins matrix by an inorganic matrix, nevertheless, this solution had a shortcoming which was the 
inadequacy of the mortar to penetrate through the fiber sheets due to its high viscosity and the variation 
of the granular composition [1]. 
This problem was overcome by replacing the sheets with meshes consisting of two orthogonal fibers 
(Basalt, SRG, etc) whose mechanical characteristics vary depending on the spacing and the level of the 
penetration of the mortar into the nets (Papanicolaou et al 2007) [3]. 
2.2 Function and behavior of the textile reinforced mortar (TRM) 
TRM strengthening systems can be manufactured using different types of textile reinforcements that 
have various mechanical and geometrical properties. 
Yarns, meshes, grids or nets made of basalt, carbon, Poly (p-phenylene benzobisoxazole) (PBO) 
, glass, or even aramids, are the most common manufactured textiles used, Figure 1. 
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This actual combined work as TRM comes through the embedded textile into inorganic matrices, which 
behave as a coating for the textiles in turn. 
 
 
 
 
 
 
In case of historical constructions, where the compatibility between the reinforcement system and the 
substrate is required, TRM can be beneficial due to its major compatibility with the substrate, since 
inorganic matrices can be matched with masonry mortar achieving chemical compatibility and good 
adhesive features in respect to the substrate while insuring breathability. 
In other words, the high ratio between strength and the weight of the TRM systems permits to enhance 
the mechanical performance of the retrofitted element, contributing mainly to absorb the tensile stress 
before and after cracking formation, without over increasing the mass of the system or significantly 
changing the stiffness that can reflect negatively on the path of cracking or plastic deformation [4]. 
The bond strength of TRM systems is lower than FRPs’, actually the behavior of the bond can be quite 
complex due to the variety of failure types that may occur, not only by the debonding within the 
substrates but also by the slippage of the textiles within the matrices as well as the delamination or the 
detachment between the textile-matrix or matrix-substrates interfaces [5],[6]. 
Figure 2- TRM geometry [5] 
Figure 1- Types of TRM textiles used commonly [54] 
a) Dry carbon, b) Coated carbon, c) Dry basalt. d) Coated basalt, e) PBO 
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The effectiveness of the TRM systems actually depends on the conditions of installation of the textiles  
as well as performance of the matrix [5]. Especially by the inappropriate diffusion of the matrix amongst 
the textile fibers where the debonding of the textile is most probable. 
Despite of the ultimate capacity of the textile may be difficult to be reached, the tensile behavior of the 
TRM is crucial for the majority of the application, either in new or historical structures. 
 Good examples for the most significant uses of TRM are: 
- Shear and flexural reinforcement for masonry or concrete panels. 
- Strengthening for extrados of vaults and arches [7]. 
- Structural confinement of columns to increase their compressive resistance [5]. 
Since TRM is usually used for the absorption of the tensile stresses, the knowledge of the mechanical 
behavior of the composite material under tension is crucial [8]. Hence,  to better understand the resistant 
mechanism of TRM systems first the tensile behavior and the bond strength need to be studied [9] [4]. 
Figure 3 shows the behavior of TRM in tension. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Three noticeable phases are observed in the stress-strain graph, Figure 3, that characterizes the tensile 
behavior of TRM [8][6][9]: 
1- The first phase represents the uncracked state of the TRM, where the Young’s modulus of the 
matrix can be deduced from the slope of the linear part, EI, Figure 3. 
Figure 3-Tensile behavior of TRM [6] 
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2- In the second phase, the formation of the fine cracks can be observed illustrating the significant 
decrease of the stiffness, as well as the slope depends on the textile-to-matrix bonding and the 
contribution of the fibers in transferring the loads. EII, Figure 3.  
3- The third phase, the cracks become wider to cover a whole area of TRM matrix up to the final 
failure transferring by that the load to the fibers, which are the only resistant left in the composite 
system. Accordingly, the effective elastic modulus in this phase is the one related to textile itself E 
III, Figure 3. 
 The Italian FRCM guideline [4] defines the failure mechanisms that can occur in the case of externally 
bonded system as depicted in Figure 4:  
In the first case (A): the failure occurs as debonding of TRM pulling out part of the substrate which is 
directly related to the cohesion of the bond between matrix-to-substrate level. 
In the failure mode (B), TRM is totally separated from the substrate depending on the shear stress 
between the matrix and the substrate interface. 
In the failure modes (C) and (D), the matrix-to-textile interface properties are the governing parameters 
to cause either partial or total sliding of the textile from the matrix. 
(E) and (F) modes are directly linked to the textile mechanical properties, specifically to the tensile 
strength, where the rupture of the textile can also occur within the mortar matrix. 
 
 
 
 
Figure 4 - Failure modes of the TRM and FRCM retrofitting substrates [10] 
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2.3 Experimental investigation 
The mechanical characterization of the component material of the masonry and TRM strengthening 
system are obtained throughout standardized test. 
2.3.1 Hardened mortar and matrix tests 
2.3.1.1 Flexural and compressive strength tests 
According to EN 1015-11 [11], the flexural strength of the hardened mortar prisms with dimensions of 
160 x 40 x 40 mm3 can be assessed by the three point bending test by the apparatus illustrated in 
.Figure 5: 
 
 
 
 
 
 
 
 
 
 
 
 
 
After the acquisition of the maximum loading, the flexural strength of the mortar prisms is calculated as 
follow:  
Where b and d are the internal dimension of the mold in mm, and l the distance between the supporting 
points. 
 
𝑓𝑡 = 1.5
𝐹𝑚𝑎𝑥. 𝑙
𝑏. 𝑑²
 (𝑀𝑃𝑎) (1) 
 
Figure 5 - Three point bending for flexural strength calculation. 
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The compressive strength of the mortar is assessed on the halves produced by the splitting of the 
sample under flexure. The load is applied monotonically until failure, the compressive strength is 
evaluated with the following equation:  
 
2.3.1.2 Double punching test (DPT) 
The double punching test is a destructive test that requires the extraction of bed joints mortar from 
masonry walls, DIN -18555 -9 [12], [18]. 
Due to the small thickness of the bed mortar joints in masonry walls, the regular tests applied for prisms 
of 40 x 40 x 160 mm3 may not provide a clear understanding of the behavior of the mortar. The bed 
joints inside the wall are subjected to a combination of load, such as confinement and friction due to the 
units, which may affect the behavior of the mortar [13]. 
Moreover, in the case of historical constructions, the acquisition of the standards samples is not always 
possible.  
The possible way to obtain the bed joints samples is to perform cores through the masonry walls, as 
shown in Figure 6 [14]  
 
 
 
 
 
   
 
 
However, DPT test may not be representative in terms of the compressive strength, because many 
factors affect this parameter, [15], [16]. Among these factors are the quality of the mortar, the porosity 
and poor size distribution, internal and micro cracks, the apparatus and the most important ones are the 
thickness, that was studied by few researchers, Figure 7 and Figure 8, of the mortar and the capping 
conditions. Especially for the case of historical masonry where the extracted mortar samples are 
 
 
𝑓𝑚 =
𝐹𝑚𝑎𝑥
𝐴
 (𝑀𝑃𝑎) (2) 
 
 
Where A is the loading area that equals to 40 x 40 mm²  
Figure 6 -Schematic illustration of DPT test by using extracted cores from masonry walls. 
a b c d e 
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underexposed to the processes of cutting and regularizing of the specimens that disturb the stratums of 
the mortar leading to changes of the strength [17]. 
  
 
 
 
 
 
 
 
 
 
 
 
The effect of the capping (the layer that is located between the apparatus and the specimen to regularize 
the surface of the specimen) has not been studied yet. However, it is of common practice use a capping 
method for the DPT tests in order to ensure a regular distribution of the load [14], see Figure9. 
Figure 7 - Non-standard mortar specimens extracted from walls and studied through pilot test in order to 
assess the effects of the variation of thicknesses. Drdácký et al (2008) 
 
Figure 8  - The effect of the ratio of slenderness 
on the strength of the mortar 
Figure 9– Different type of capping materials that are used.[14] 
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In accordance to DIN-18555-9, the dimensions of the specimen subjected to the load (between 5-80kN) 
are 50 x 50 mm2 and the compressive strength is calculated as follows: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  𝛽𝑓𝑚,𝐼𝐼𝐼 =
𝑃𝑚𝑎𝑥
𝐴
 (3) 
 
Where: 
P max: the maximum load applied (N) 
A: the area underload (mm²) can be taken as 314 mm² 
Figure 10 - Set up of the DPT 
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2.3.2 Characterization of brick´s mechanical properties 
Brick is one of the oldest building materials used worldwide, especially in the areas where there are very 
limited sources of stones. Through history, clay bricks were a fundamental element for construction in 
Mesopotamia, the Assyrian area, Egypt and Roman, period and continued to be used till nowadays.[19], 
Figure11-14:  
 
 
 
 
 
 
 
 
                            
 
 
 
 
 
 
 
It is known that the properties of ancient masonry brickwork depend fundamentally on the characteristics 
of the brick itself, which directly vary according to the raw materials used. 
The most common material used for bricks are lime, clay and sand bricks, either fine or coarse sand, 
which have different mechanical and physical properties that are also related to the manufacturing 
process and the technology used [20]. 
The flexural strength and the compressive strength of the brick mainly depend on the physical properties 
such as the porosity, the chemical properties, the composition and texture [21]. 
In order to assess the compressive strength and the flexural strength, the European standards [22], [23] 
present the methodology for the evaluation as following: 
Figure 11- Mesopotamian brick 
masonry wall 
Figure 12-Assyrian arch brick 
Figure 14-Egyptian brick wall Figure 13-Tuscan brick wall 
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2.3.2.1 Compressive and flexural strength test 
The standard EN 772-1 presents the next formula to estimate the compressive resistance of the brick 
unite under subjection of a uniaxial load till failure: 
           
 
𝑓𝑖 =
𝐹𝑖 𝑚𝑎𝑥
𝐴𝑖
 (4) 
 
fi: the compressive strength (MPa) Fi, max:  the maximum load applied (N) 
Ai: the area underload (mm²) 
According to EN 772-6 the flexural strength can be obtained by subjecting the brick unite to three-point 
bending test, which is a destructive test depends on the continues applying of the load until occurrence 
of the failure, see Figure 15. 
 
 
 
 
 
 
                                                
 
 
𝑅𝑡𝑓 =
𝐹. 𝐿
𝑏ℎ²
 (5) 
 
Where: 
𝑅𝑡𝑓   the flexural strength (MPa) 
𝐹:     the maximum load applied (N) 
 𝐿:    the distance between the two pins(mm) 
b:    the width of the specimen (mm) 
ℎ:    the thickness of the specimen (mm) 
Figure 15 -Three point-bending for flexural 
strength[55] 
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2.3.3 Unreinforced and retrofitted masonry walls 
Aiming at the most appropriate understanding of the effects of the seismic loads and earthquakes that 
threaten the historical masonry structures in specific regions, researchers have been studying for 
decades the different types of failure mechanisms that can occur to historical masonry. 
In this thesis, the interest is focused on the in-plane behavior of the masonry walls and accordingly the 
assessment of the behavior and the efficiency of the used strengthening system. 
In order to assess the shear behavior of the retrofitted masonry walls, a direct approach in which 
masonry walls subjected to lateral loads can relatively simulate the response of these structural 
elements under a seismic event, in terms of the load state and boundary conditions. 
Nevertheless, such an approach is extremely time consuming and costly, with huge possibility of being 
inapplicable in many cases depending on geometrical difficulties [24][25]. 
As a result, an indirect approaches have been developed in order to mimic a rational response of the 
actual walls relying on simplified models and their failure modes,[26],[27]. 
2.3.3.1 Diagonal compressive test (DCT) 
Diagonal compressive test is a destructive test  which evaluates the in-plane shear response of masonry 
piers by applying the load in the diagonal direction of the panel simulating a pure shear stress state 
[28],[29],[30],[31]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The DCT is codified by ASTM E 519-2010 and RILEM LUMB6, [32],[33].  
Figure 16-Diagonal compressive test(DCT) 
set up 
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The two standards have different interpretation regarding the state of the governing stresses and 
accordingly the mechanical characteristics derived from the experimental results of the diagonal 
compressive test. 
RILEM LUMB6 evaluates the tensile stresses considering non-uniform stress state in a square panel 
relying on Frocht’s solution for an elastic homogeneous isotropic continuum providing the stresses in 
the center of the panel: 
 
𝜎𝑥 = 𝜎𝑦 = 0.56
𝑃
𝐴
 (𝑀𝑃𝑎) (6) 
 
And shear stresses:  
 
𝜏𝑥𝑦 = 1.05
𝑃
𝐴
 (𝑀𝑃𝑎) (7) 
 
And tensile strength and compressive strength:  
 
 
𝜎𝐼 = 0.5 
𝑃
𝐴
 (𝑀𝑃𝑎) (8) 
 
 
𝜎𝐼𝐼 = 0.5
𝑃
𝐴
 (𝑀𝑃𝑎) (9) 
 
The ASTM E 519-2010, assumes a uniform stress state in the center of the panel, the shear stress is 
as following: 
 
𝜏𝑥𝑦 = 0.707
𝑃
𝐴
 (𝑀𝑃𝑎) (10) 
 
In case of representing the two stress states of both standards in Mohr’s circle, we will obtain the 
following [56] and [34], Figure 17 and Figure 18: 
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Figure 17 -Interpretation of stress state by DCT according to 
ASTM and RILEM using Moher’s circle[56] 
Figure 18 -Mohr’s illustration of the stress state in the center of 
the panel [34] 
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ASTM considers that the circle is centered in the origin of the Cartesian axes while in case of RILEM is 
not. Accordingly, the tensile strength is calculated in case for RILEM and ASTM, respectively, as: 
 
𝑓𝑡𝑅𝐼𝐿𝐸𝑀 = 0.5
𝑃𝑚𝑎𝑥
𝐴
          (11) 
 
 
𝑆𝑠 = 0.707
𝑃𝑚𝑎𝑥
𝐴
          (12) 
 
Where: 
𝑆𝑠: shear stress on net area (MPa)  
𝑃𝑚𝑎𝑥: the maximum load applied by the jacks (N) 
 
𝛾 =
(𝛥𝑣 +  𝛥ℎ)
𝑔
     (13) 
 
A: the net area of the specimen (mm²) 
 
𝐴 =
(ℎ + 𝑤)𝑡𝑛
2
     (14) 
 
Where: 
h: the height of the specimen (mm) 
w: the width of the specimen (mm) 
t: thickness of the specimen (mm) 
n: percent of the gross area of the unite that is solid, expressed as a decimal. 
In addition, ASTM also evaluates the shear strains γ as well as the shear stiffness G, while in case of 
RILEM only tensile strength is presented. 
where:  
γ: shear strain (mm/mm) 
Δ𝑣: vertical shortening (mm) 
Δℎ: horizontal elongation (mm) 
𝑔: vertical gage length (mm) 
 The elastic shear modulus can be calculated as: 
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𝐺 =
𝑆𝑠
𝛾
 (15) 
 
G : elastic shear modulus (MPa) 
Another important proposal about calculating the shear strength can be approached when adopting the 
model proposed by Turnsek and Cacovic [27] which refers to that the shear strength in a linear and 
isotropic behavior state is calculated depending on the tensile strength fdt as: 
 
𝑓𝑡 =
𝑓𝑑𝑡
1.5
     (16) 
 
Where: 
𝑓𝑡: the shear stress corresponding to the tensile strength (MPa) 
𝑓𝑑𝑡: tensile strength (MPa)  
2.3.3.2 Retrofitting set up arrangements 
As many researchers performed the diagonal compressive test to assess the in- plane shear behavior 
of the retrofitted masonry walls, different layouts of reinforcement, either applied for single or double 
panels, are found in the literature. 
The layout plays the most important role in determining the diffusion path of the loads applied. These 
configurations differ in terms of: 
- Configurations of the applied textile: full coverage with a grid or partial coverage with strips.[34] 
- Arrangement of the textile: bidirectional or unidirectional. 
- Number of layers applied. [28] 
- In case of strips, the geometrical positioning, the distance between the consecutive strips and the 
geometry of the single strip itself.[35] 
- presence of the transversal connectors that have considerable effect on the out-of-plane failure of the 
wall. 
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Figure 19 -Unidirectional vertical and horizontal strips [49] 
 
a b c 
(a & b) Gattesco et al [43], (c) Almeida et al [34] 
Figure 20 (a,b,c)-Fully coated panels with the reinforcement 
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Figure 22 -Performing multilayers strips layout with different directions (diagonally and horizontal-
vertical net)  Valluzzi  et al (2002).[28]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 21 - The usage of a combination transversal connectors 
and bidirectional strips with large step -Palmieri (2016).[35] 
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2.4 Analysis of results 
DCT provides an approximation of the in-plane behavior of structures so that to understand the seismic 
vulnerability of these structures and their response to the correspond seismic event. 
The information acquired by DCT is the load increment applied at every time step and the resulted 
displacements, which are recorded by linear variable differential transducers (LVDTs) as the wall is 
being subjected to the diagonal load. 
That results on the knowledge of three crucial parameters by which we can assess the behavior of the 
structure as well as the efficiency of the reinforcement system. 
In addition to the shear strength that was illustrated previously by ASTM and RILEM, the shear stiffness 
and the ductility are the other two significant parameters. 
a) The calculation of stiffness or G modulus: 
In the literature, there are approaches about the evaluation of the initial stiffness of the retrofitted 
masonry walls. 
These solutions mainly depend on the shear strain -stress diagram interpretations in order to identify 
the shear stiffness as the secant modulus or tangential modulus or chord modulus[36]. 
According to Marcari et al [36] the shear modulus can be calculated between 10 and 30% of the 
maximum shear stress in shear stress-strain diagrams depending on a secant modulus.  
Prota et al [37] and Balsamo et al [38] present similar solution regarding to the calculation of G modulus 
between the origin and 30% of the maximum shear capacity. 
Another solution is presented by Parisi et al [39], Babaeidarabad et al [40], and Borri et al [29] is that 
the G modulus can be calculated in the elastic part between the origin and the first cracking point which 
is relevant to 70% of the peak shear stress as following: 
 
Where: 
𝜏𝐶𝑅: the cracking shear strength (MPa)  
𝛾𝑐𝑟: the corresponding shear strain  
 
𝐺 =  
𝜏𝐶𝑅
𝛾𝑐𝑟
 (17) 
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     𝜏𝐶𝑅=0.7* 𝜏0 
 
(18) 
 
𝜏0 : the peak shear stress(MPa) 
Nevertheless, according to Brignola et al [41], even if it is possible to obtain G modulus by defining the 
inclination of a tangential or secant line to the elastic phase of shear stress-strain curve however,  the 
choice of the range in which that significant line will be tangential or secant with the graph maybe 
different between researchers. Thus, a proposal is presented to estimate G modulus relaying on the 
secant modulus during load cycles stating that the possibility of this application is only reliable in the 
uncracked panels, see Figure 23: 
 
b) Ductility: 
The ductility is a key parameter to understand the post peak load -deformation state as well as to 
evaluate the effectiveness of the strengthening system. 
Researchers have presented methodologies to assess the ductility throughout what so-called the 
ductility ratio: 
 𝜇 =
𝛾𝑢
𝛾𝑒
 (19) 
 
where: 
γu: the ultimate shear strain % corresponds to a 20% stress drop after the post peak in softening part. 
Figure 23- First load cycle gradient as defining of G modulus.[41] 
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γe: the limit elastic shear strain % 
There is no agreement between researchers about the evaluation of the limit elastic shear strain 
however, there are many hypotheses presented in the literature. 
According to Prota et al [37] and Parisi et al [39] two solutions are available to define γe. 
The first one is the direct approach which states that the specimen does not still behave elastically after 
the reaching of the post peak, while the second one depends on the bilinear idealized shear stress-
strain diagram, Figure 24: 
  
 
 
 
 
 
 
 
 
 
 
 
 
Parisi et al [39] assumes that the shear strain is corresponded to a secant modulus at 70% of maximum 
shear stress (depending on the equivalence of the areas below the experimental and idealized 
diagrams) as following: 
 
 
𝜏𝑈 = 𝐺𝑒(√𝛾𝑢2 −
2𝐴 ∗
𝐺𝑒
) 
(20) 
 
𝜏𝑈: ultimate shear stress (MPa) 
A*: the area under the experimental shear stress-strain diagram  
Figure 24- Bilinear idealised diagram by Parisi et al[39] 
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  𝛾𝑒 =
𝜏𝑈
𝐺𝑒
 (21) 
 
Nevertheless, Prota et al [37] assumes a value of γe  equals to the strain associated with 𝜏𝑀𝐴𝑋
and so does Balsamo et al [38]. 
Marcari et al [42] [36] also depended on the bilinear idealized diagram to assess the ductile behavior 
and expressed the γe  as the shear strain corresponds to 70% of the peak shear in the ascending phase 
depending on the equivalence of areas below the experimental and idealized graphs, see Figure 25, 
and so did Babaeidarabad et al [40] and Wang et al[30]. 
 
 
 
 
 
 
 
 
 
Gattesco [43] also suggested a solution that relates the elastic shear strain to a value of load equals the 
maximum one. Hereby, the shear strain γe is evaluated assuming a linear elastic behavior of the 
material as following:  
 𝛾𝑒 =
𝜏𝑀𝐴𝑋
𝐺
 (22) 
 
Where G is the elastic stiffness calculated as a secant modulus too. 
  
Figure 25- Idealized shear stress-strain diagram proposed by Marcari et al[36] 
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2.5 The analytical correlation research 
Despite of the interest that TRM has amongst researchers, there are no specific standard or 
methodology for the design of TRM as a strengthening system or the constructions strengthened with 
this composite material. 
All the analytical solutions and approaches used by researchers to assess the behavior of TRM are 
derived either from FRP standards [44] or FRCM design standards [45], [46]. 
The capacity of Masonry structures retrofitted with TRM is evaluated, as the combined contributions of 
both masonry and the strengthening system. 
The contribution of masonry in the in-plane behavior, that is governed by shear stresses, was defined 
depending on failure mechanisms observed in the unreinforced panels subjected to different shear tests, 
see Figure 27 [47]: 
  
Figure 26-Gattesco’s solutio 
of the elastic shear strain  [43] 
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In case of the diagonal compression test, Figure 27b, the typical mechanisms of failure are diagonal 
tensile crack through the masonry or stair-stepped shear crack along bed and head joints ( it may also 
occur shear sliding failure along one bed joint [48]). 
Turnsek and Cacovic [27] proposed a model to calculate the shear strength as a function of the tensile 
strength of masonry considering elastic, isotropic and homogeneous materials as follows: 
Where 𝑓𝑡 is the tensile strength of masonry, b is shear factor and 𝜎0is the precompression. 
Similarly to equation (20), Li tong et al [48] presented a formula depending on Mann and Muller’s 
formulation [26] which proposes a model to calculate the shear strength when a diagonal tensile fialure 
along the blocks is observed:  
 
𝜏 =
𝑓′𝑡𝑏
2.3
∗ √1 +
𝜎𝑛
𝑓′𝑡𝑏
 
(24) 
 
Where 𝑓′𝑡𝑏(𝑀𝑃𝑎) is the tensile strength of masonry, 𝜎𝑛 (𝑀𝑃𝑎) is the normal compressive strength 
on the wall. 
In case of a stair-stepped failure mechanism, the equation that governs the shear strength is: 
 
 
𝜏 =
𝑓𝑡
𝑏
∗ √1 +
𝜎0
𝑓𝑡
 
(23) 
 
Figure 27-different shear tests applied to masonry panels  [47] 
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Where 𝜏 ∗ is the shear bond strength of mortar joints according to [49],[48], 
Where 𝜇 is the friction factor, 𝑏, 𝑑 are the height and width of the block (mm). 
In the case of occurrence of several failure mechanisms, the shear capacity of masonry panels is the 
minimum capacity obtained. 
To evaluate the contribution of TRM, the Italian Advisory committee on Technical Recommendations for 
Construction [44] presented a methodology to design FRP strengthened structures following the CNR 
guideline and check its effectiveness as a strengthening system. The shear capacity is evaluated as 
following: 
 
𝑉𝑅𝑑 =
1
𝛾𝑅𝑑
∗ 0.6 ∗ 𝑑 ∗ (𝐸 ∗ 𝜀𝑑) ∗ 2 ∗ 𝑡𝑓 ∗
𝑏𝑓
𝑝𝑓
 (27) 
 
Where: 
- 𝐸 is FRP Young’s modulus in fibers direction. 
- 𝜀𝑑 is ultimate tensile strain of FRP. 
-𝑉𝑅𝑑 a partial factor is related to resistance model ( 𝛾𝑅𝑑 = 1.2 in shear) 
- 𝑡𝑓 is the thickness of the FRP 
- 𝑏𝑓, 𝑝𝑓 are width and center-to-center spacing of FRP strips measured orthogonally to the fibers 
direction (  
𝑏𝑓
𝑝𝑓
= 1 in case of adjacent strips). 
To use this formula, CNR assumes that masonry panels are strengthened from both sides and the fibers 
are parallel to mortar joints. 
The shear capacity, according to CNR, is actualized by two probable resisting mechanisms, the first one 
is by shear forces due to friction in presence of a compressive load, and the second one is by the 
activation of truss mechanism. 
In case of panels strengthened with horizontal and vertical strips, [50] discards the contribution of the 
vertical strips for improving shear capacity, however, others assumed that the vertical strips contribute 
to wall shear strength as equation (28) shows:  
 𝜏 =
𝜏 ∗
1 − 𝜇. 𝑡𝑎𝑛𝛳
 (25) 
 
         𝜏 ∗=
𝜇
1 + 1.5𝜇. 𝑏/𝑑
 
 
(26) 
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 𝑉𝑣 = 𝑉ℎ/√3 (28) 
 
Where 𝑉ℎ is calculated by equation (24) with the dimensions and parameters in the vertical direction. 
According to ACI 549_4R-13 [45], FRCM composite materials application for masonry panels can 
enhance the shear capacity acting as shear reinforcements. The contribution in shear capacity can be 
evaluated through the following equation: 
 𝑉𝑓 = 2𝑛𝐴𝑓𝐿𝑓𝑣 (29) 
 
Where: 
-𝑛 is the number of applied mesh layers. 
-𝐴𝑓 is the area per unite width (mm/mm²) 
-𝐿 the length of the wall in the applied shear force. 
-𝑓𝑣 is the tensile strength of the fibers in their direction. 
 
𝐸𝑓, Ɛ𝑓 are Young’s modulus in the direction of the fibers and tensile strain respectively. 
In order to apply equations (30) and (29), ACI-549;4R-13 assumes a double-side FRCM application  
in term of effectiveness and symmetry conditions.  
 
 
𝑓𝑣 = 𝐸𝑓 ∗ Ɛ𝑓 
(30) 
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3. THE EXPERIMENTAL PROGRAM 
In this experimental campaign developed at the Laboratory of Technology of Structures and Building 
Materials (LATEM) of the Technical University of Catalonia (UPC-BarcelonaTech), ten specimens were 
produced in order to assess the efficiency of basalt and steel fibers as retrofitting systems that were 
applied to these walls into 10 configurations and accordingly twelve tests were carried out (including two 
unreinforced specimens), Table 1. 
In addition, it was studied the behavior of the constituents of the masonry panels individually as well as 
a structural system.  
The preparation works of the specimens and their components before the construction are listed, and 
accordingly tests procedures performed for the walls and their components (mortar, matrix and bricks) 
are detailed too. 
The work was done in an approximate way that mimics the construction procedures of historical masonry 
walls. 
Table 1-Brick masonry walls (KERAKOLL) 
nº Types of samples View of the samples 
1-2 
DCT_URM 
Unreinforced Masonry Wall 
  
3-4 
DCT_G200 
Reinforced Masonry Wall 
  
7-8 
DCT_G600 
Reinforced Masonry Wall 
  
9-10 
DCT_G1200 
Reinforced Masonry Wall 
  
11-12 
DCT_G200+HELIBAR6 
Reinforced Masonry Wall 
(asymmetrical)   
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3.1.1 Bricks 
The brick used in this campaign is a fired handmade clay brick, provided by the company TerraCuita, 
with nominal dimensions of 310 x 150 x 50 mm3, see Figure 28.  
This brick was chosen due to its manufacturing process, which mimics historical masonry the, average 
mechanical properties are shown in Table 2: 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2- Bricks mechanical properties 
Bricks fb(MPa) fbt(MPa) Eb,long (MPa) Eb,long (MPa) 
Average 17.99 2.44 3718 3331 
Samples number 20 10 12 17 
c.o.v % 8.3% 20% 28% 51.4% 
 
 
  
Figure 28 -The used bricks 
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The average flexural strength of the bricks was evaluated by performing three-point bending test on 28 
bricks specimens that were extracted from 5 wall specimens after DCT was performed on them as Table 
3 shows: 
Table 3 –Number of brick samples extracted 
Wall name G200-2 G600-1 G600-2 G1200-1 G1200-2 
Number of 
samples 
extracted 
 
4 samples 
 
6 samples 
 
6 samples 
 
6 samples 
 
6 samples 
 
The samples were prepared in accordance to the standard EN 772-6 as following: 
- First, the extracted samples were polished in order to regularize the faces on which the rollers of 
three-point bending test apparatus would be applied, Figure 29 and Figure 30: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29-Surfaces polishing 
Figure 30-Samples before and after polishing 
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After finishing the polishing, the samples have been dried for 24 hours inside the oven with a temperature 
of a100 C°, Figure 31. 
 
 
 
 
 
 
 
 
 
On one of the polished surfaces a notch was performed using a saw in order to control the cracking 
during the test, Figure 32. 
 
 
 
 
 
 
 
 
To execute the test, the specimen was placed on two supporting rollers to be centered in the distance 
in between of 160 mm as well as with the pressing roller on top, which was calibrated to be situated on 
the opposite side of the notch.  
The used loading step was 0.01 kN/s in order to have the failure associated to the maximum load within 
30-90 seconds from the starting of the test. 
The flexural strength later was calculated by using equation(5), section 2.3.2.1, depending on the 
maximum load obtained 𝐹𝑚𝑎𝑥 , see Figure 35. 
Table 4 summarizes the experimental results that were obtained: 
Figure 31-Drying the polished samples 
Figure 32-The performed notch on one surface. 
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Figure 33-Stages of three-point  bending test of brick specimens 
Figure 34-Failure of the tested 
specimens 
Figure 35-The maximum load obtained from three-point bending-G200-2 
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Table 4-The flexural strength of the extracted bricks 
Specimen name flexural strength (MPa) c.o.v% 
G200-2 1.13 
 
29% 
 
G600-1 2.11 20% 
 
G600-2 1.85 
 
14% 
 
G1200-1 1.88 
 
13% 
 
G1200-2 1.46 25% 
 
Av. flexural strength (MPa) =1.686 (MPa) Av. c.o.v% =20% 
 
As it is observed by these results, the flexural strengths of bricks used in G200-2 had a coefficient of 
variation equals to 29% where their average flexural strength is less than average strength of the others 
by 60%. 
3.1.2 Binding mortar 
The mortar used to bind the units was a mixture of Kerakoll BioCalce MuroSano® premixed lime mortar, 
and a limestone filler provided by the company PROMSA. 
The Mortar is classified as M5 according to EN 998-2:2010. 
In order to imitate the historical lime mortar, that has a compressive strength of 1-2 MPa, an inert filler 
was used to reduce the compressive strength of BIOCALCE by almost 3 MPa. The mixture proportions 
were 25kg of Biocalce + 16kg of inert filler + 9l of water. 
Before using the moulds to make the standard prisms, they were cleaned then their internal faces were 
lubricated with thin layer of mineral oil to prevent adhesion to mortar. 
The filling procedure was done into two layers and each layer was compacted 25 strokes, see Figure 
36, to guarantee a uniform distribution of the mortar. 
The moulded specimens were stored for 28 days at least before the testing took place coincident with 
recommendations of EN 1015-11. 
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In parallel with executing DCT test, three-point bending test was applied to 9 standard prisms made of 
the same mortar used in the walls after at least 28 days of their casting, Figure 37. 
 
 
 
 
 
 
 
 
To guarantee a better distribution of loading, the specimen was placed where the loading roller faced 
one of its surfaces that was cast abutting the mould as well as in the center of the distance between the 
two supporting rollers, Figure 38. 
The loading was applied without any shock and at a uniform rate of 0.01 kN/s to ensure a failure of the 
specimen occurring between 30-90 seconds with setting up the recording of the flexural strength to the 
nearest 0.05 MPa. 
Finally, the obtained results were the load and the associated displacement at every time step, Figure 
39. 
Figure 36-Prisms preparation work 
Figure 37-Mortar standard prisms 
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After performing three-point bending tests and breaking the prisms into two halves, 18 specimens of 
mortar and prisms were subjected to compression tests until failure. 
The tested specimen was placed between two plates with dimensions of 40 x40 mm² made of steel and 
those plates were applied to the specimen on its surfaces that were abutting to the steel of the mould. 
In terms of loading, a load step of 0.04 kN/s in case of mortar was used until the failure of the specimen 
in a sand-clock shape, Figure 40. 
The compressive strength was calculated depending on the failure force, that was recorded during the 
test according to equation(2), section 2.3.1.1. 
 
Figure 38-Three-point bending test performance 
Figure 39-Load -displacement by three point bending- G200-1 
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Table 5 shows the compressive strength and the flexural strength of the mortar associated to 8 walls 
that were strengthened with different configurations: 
  
Figure 40-Compressive strength test 
Figure 41-Load-displacement by compressive test-G200-1 
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Table 5-The mechanical properties of the mortar 
Specimen name Flexural strength (MPa) c.o v % Compressive strength (MPa) c.o v 
% 
G200-1 0.61 
 
20% 
 
2.5 
 
20% 
G200-2 0.79 
 
19% 
 
3.1 
 
16% 
 
G600-1 0.76 
 
22% 
 
2.2 
 
16% 
 
G600-2 0.78 
 
31% 
 
3.3 
 
32% 
 
G1200-1 0.56 
 
30% 
 
2.4 
 
13% 
 
G1200-2 0.60 
 
20% 
 
2.2 
 
16% 
 
G200HELI-1 0.46 
 
40% 
 
2.1 
 
18% 
 
G200HELI-2 0.51 
 
22% 
 
1.8 
 
22% 
 
Av. flexural strength 
=0.64 (MPa) 
25.5% Av. compressive strength 
=2.45 (MPa) 
19% 
 
In this campaign, a DPT test also was carried out and performed on bed joints mortar samples that were 
extracted from G200-1 and G200-2 after being tested with DCT test. 
According to DIN 18555-9, the extracted samples from the walls were sawn into standard specimens 
measuring 50 x 50 mm² (55 specimens from G200-1, and 43 specimens from G200-2), Figure 42. 
Where necessary, gypsum powder was used to regularize the non-plane surfaces where the loading 
platens were applied so that a uniform loading surfaces were ensured. 
The loading condition was considered to have a failure corresponding to a maximum load occurring 
between 30-90 seconds (0.05 kN/s), Figure 44 and Figure 43. 
Eventually, the compressive strength was obtained depending on equation (3), 2.3.1.2. 
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The average results of the specimens extracted from G200-1 and G200-2 are as shown in Table 6. 
  
Figure 42-Standard specimens 
performed from G200-1 
Figure 44- DPT test performing Figure 43 -Failure mechanisms (punching) 
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Table 6-The compressive strength resulted from DPT test 
Specimen name Maximum compressive 
strength (MPa) 
c.o.v% 
G200-1 6.4 23% 
G200-2 5.6 23% 
Av. compressive strength (MPa) = 6 MPa Av. c.o.v% =23% 
The coefficient of variation is higher than 20% and that was because some extracted specimens had a 
lower compressive strength comparing with the obtained compressive strengths generally. 
This reduction can be resulted from internal defects in those specimens or due to the presence of micro 
cracks after the application of DCT to the walls. 
The confinement applied to bed joints in the walls resulted in higher compressive strength, that was 
observed by DPT test, than that was evaluated in case of standard prisms by 2 times: 
 
Where 𝑓𝑚 =2.8 MPa is the average compressive strength obtained by compression test for the same 
specimens (G200-1 and G200-2).  
   𝛽𝑓𝑚,𝐼𝐼𝐼
𝑓𝑚
=
6 (𝑀𝑃𝑎)
2.8 (𝑀𝑃𝑎)
≈ 2.14    
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3.1.3 Matrix mortar 
The mortar matrix used for the application of the textile fabric is called Kerakoll GeoCalce F Antisismico 
and is a premixed NHL 3.5 natural hydraulic lime of M15 class according to EN 998-2:2010. The mixture 
was prepared following the manufacturer’s proportions, 4.6 l of water every 25 kg of the premix. 
Similarly, to binding mortar specimens, standard prisms were made of the matrix pastes, Figure 45, 
according to EN 1015-11 in terms of dimensions (160 x 40 x 40 mm3) and storage conditions to evaluate 
flexural strength by three-point bending and compressive strength by the compression test. 
In parallel with executing DCT test, three-point bending test was applied to 6 standard prisms made of 
the same matrix used in the walls after at least 28 days of their casting. 
 
 
 
 
 
 
 
 
 
 
The loading was applied without shocking at a uniform rate of 0.02 kN/s to guarantee a failure occurring 
between 30-90 seconds with setting up the recording of the flexural strength to the nearest 0.05 MPa. 
Finally, the obtained results were the load and the associated displacement at every time step, see 
Figure 46.  
 
 
 
 
 
 
 
Figure 45-Matrix prisms 
Figure 46-Load-displacement of the matrix-G200-1 
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A compression test was performed on 12 halves that were obtained after performing three-point bending 
test. The tested specimen was placed between two plates with dimensions of 40 x 40 mm² made of 
steel and those plates were applied to the specimen on its surfaces that were abutting to the steel of the 
mould. A load step equals to 0.075 kN/s was used, Figure 47, in order to have the failure associated to 
the maximum load within 30-90 seconds. 
The compressive strength was calculated in accordance to equation (2), and the results of the 
mechanical properties are illustrated in Table 7, 
 
 
 
 
 
 
 
 
 
Table 7- The mechanical properties of the matrix 
Specimen name Flexural strength (MPa) c.o v % Compressive strength (MPa) c.o v % 
G200-1 3.81 
 
10% 
 
13.6 
 
15% 
 
G200-2 5.17 
 
17% 
 
17.6 
 
12% 
 
G600-1 4.17 
 
14% 
 
13.9 
 
14% 
 
G600-2 3.59 
 
12% 
 
13.4 
 
8% 
 
G1200-1 3.72 
 
10% 
 
12.8 
 
10% 
 
G1200-2 3.69 6% 13.5 5% 
            Figure 47-Compression test of the marix-G200-1 
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G200HELI-1 4.40 
 
9% 
 
14.6 
 
7% 
 
G200HELI-2 3.80 
 
10% 
 
14.1 
 
13% 
 
Av. flexural strength 
= 4.04 (MPa) 
11% 
 
Av. compressive strength 
= 14.19 (MPa) 
11% 
 
 
3.1.4 Textile nominal properties 
The textile is a bidirectional grid of basalt fibers (GEOsteel 200), that has a special protective treatment 
with alkali-resistant water-based resin and free of solvents, and stainless steel AISI 304 microwires 
thermobonded between them in order to ensure a stable fabric in both directions. The geometrical and 
mechanical properties of the textile are provided by KERAKOLL handbook [53]. 
 
 
Table 8-Technical data of the textile [53]. 
Technical data according to KERAKOLL handbook  
Nature of the material Basalt and stainless steel AISI 304 
Figure 48 -GEOsteel 200 textile-KERAKOLL handbook [53] 
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Roll width ≈1 m 
Roll length ≈25 m 
Grid bars ≈17 mm x 17 mm 
Package weight ≈6 kg/roll 
 
Table 9-Textile mechanical properties [53]. 
Mechanical properties according to KERAKOLL handbook 
Equivalent thickness ≈0.032 mm 
Rupture strain >1.9 % 
Elastic modulus >70GPa 
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3.2 Wall specimens: Construction and Strengthening 
The material described in the previous section were used to build ten masonry wall specimens with 
dimensions 1270 x 1270 x 310 mm3.The construction process of all specimens is described in the 
following: 
- In order to avoid the absorption of the water of the mortar during its constructions, the bricks were 
saturated with water by soaking them for one minute in a bucket of water, Figure 49. 
- The mortar was mixed according to the proportions shown in Section 3.1.2, Figure 50.   
-Before setting the first course of bricks, a thin film of Teflon was applied in the interaction surface 
between the bricks and the metal profile in order to reduce the friction between them and provide a 
relatively free sliding (the friction can be neglected). 
- A thin layer of the mortar was applied as a bed joint, between every two-consecutive courses with a 
thickness of 15 mm, as well as head joints to fill voids between the bricks in the same course, Figure 
51. 
- The walls were built in Flemish bond. At the end of the construction of each row, its level was measured 
to ensure the perfect horizontality and verticality of the specimens. 
- The finished walls were stored under laboratory conditions during the curing of the mortar, see Figure 
52. 
 
 
 
 
 
 
 
 
   
Figure 51-Construction of the 
unreinforced panels 
 Figure 49-Bricks saturating Figure 50-Mortar mixing 
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In this thesis, only 6 specimens were tested and analyzed, and their characteristics are as following: 
- Two specimens in unreinforced configuration (URM-1 and URM-2). 
- Two specimens repaired and retrofitted with GeoGrid G200. (URM-R-1 and URM-R-2). The first two 
URM specimens were tested after twenty-eight days from construction, repaired with GeoCalce F 
Antisismico and retrofitted with the basalt grid. 
- Two specimens retrofitted with GeoGrid G200. (G200-1 and G200-2). 
The specimens were strengthened twenty-eight days after the construction. The procedure is 
summarized in the following. 
• The surfaces of the walls were prepared by removing the dust with a vacuum and by creating 
grooves along the mortar joints in order to generate the necessary grip between wall’s surface and 
the mortar matrix of the TRM system. 
• The specimens were wet with abundant water in order to avoid the masonry’s absorption of the 
water during the application of the composite, Figure 54. 
• The first layer of mortar matrix was applied on the surface of the specimen, then the reinforcement 
mesh was embedded in the layer of mortar by applying a light pressure on the fibers to guarantee 
the right adherence to the support and to fill all the voids of the mesh. The overlapping of subsequent 
meshes was 300 mm in the case of the G200. Figures 55-57. 
• A second layer of mortar matrix was applied after about 20 minutes to completely cover the fibers. 
The final thickness of the TRM reinforcement varied between 8 to 10 mm, Figure 58. 
• Once the hardening of the mortar had begun, the faces were wet to favor the curing of the TRM 
system. 
• The specimens were wrapped with sackcloth fabric, which was kept wet for the following 7 days. 
Once the fabric was wet, it was wrapped with plastic sheets to preserve the humidity of the 
specimen. 
Figure 52-The constructed specimens 
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After performing DCT for URM-1 and URM-2, a similar repairing procedure was applied in order to study 
the behavior of these repaired masonry panels with TRM (GeoSteel200 and GeoCalce F Antisismico ) 
Before applying the reinforcement in the same previous steps , the cracked mortar was removed to 
inject GeoCalce F Antisismico matrix in the formed cracks, Figure 53. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 53-Removing the cracked mortar 
Figure 54 -Watering the specimen before applying the matrix 
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Figure 55- matrix preparation 
Figure 56- Applying the first layer of matrix 
Experimental characterization of steel and basalt fiber reinforcements for masonry walls 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                67  
Figure 57- Applying the textile then the external matrix 
Figure 58- paving the external matrix uniformally 
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Figure 59 and Figure 60 show the produced and strengthened specimens that were tested with DCT 
test 
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Figure 59-Brick masonry walls dimensions 
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Figure 60 -Brick masonry walls dimensions 
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3.2.1 DCT test setup and procedure 
The setup used to perform DCT test on the 6 specimens was designed to permit the application of a 
diagonal compressive load without needing the 45-degree rotation of the specimens. 
Figure 61 [43] shows the setup used in this experimental campaign: 
After curing, the specimen was slipped out from one of the lower corners in order to permit the placing 
of a steel wedge that applies the diagonal compressive load at one corner in the bottom. The wedge is 
comprised by an angel profile with a length of 160 mm welded to a stiff profile to provide the stability, 
Figure 63. 
On the diagonally opposite upper corner, a similar steel wedge was applied, on which two hydraulic 
jacks were fixed. Those two steel wedges were connected to each other by two steel bars to provide a 
load that was applied along the diagonal, by pulling steel bars. 
Noting that a topping made of concrete was added to the corners where the jacks of DCT test were 
fixed. 
To measure the displacement in the opening and closing diagonal, the following sensors were used: 
- Four linear variable displacement transducers (LVDTs) that record the displacement, in both 
opening and closing diagonal from the two sides, at each time and load step, Figure 62. 
- Two wire-sensors that measure the elongation in the opening diagonal, Figure 62. 
 
Figure 61- DCT test setup [43] 
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The jack was linked to a hydraulic oil pump that provides oil pressure during the test. This pressure, in 
addition to the displacement of the jack, was measured by a pressure transducer that was linked to the 
pump. All displacements sensors were connected to an acquisition system that was in turn connected 
to a computer. 
The acquired data are the load and the associated displacement at every time step, where the two 
pressures of the pumped oil and from the jack itself were defined in order to compare the accuracy of 
the obtained data. 
 
  
Figure 62-The location of the LVDTs and the wire-sensor 
Figure 64-Oil pump provided with pressure 
sensor 
Figure 65-The acquisition system 
Figure 63-Dimensions of wedge 
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In order to evaluate the deformation in both opening and closing diagonals, the gauge lengths of the 
LVDTs are measured and shown in the following table: 
Table 10-Gauge lengthes  
Wall name LVDT1 LVDT2 LVDT3 LVDT4 Wire 
sensor1 
Wire 
sensor2 
URM-1 347 mm 320 mm 340 mm 327 mmm 940 mm 976 mm 
URM-2 337 mm 337 mm 335 mm 327 mm 972 mm 934 mm 
URM-R-1 360 mm 345 mm 358 mm 347 mm 893 mm 900 mm 
URM-R-2 352 mm 347 mm 345 mm 338 mm 884 mm 955 mm 
G200-1 350 mm 354 mm 328 mm 345 mm 945 mm 949 mm 
G200-2 335 mm 348 mm 346 mm 347 mm 956 mm 952 mm 
In terms of loading, three cycles of load-unloading were performed from 10 kN up to 50 kN (almost 30% 
of the expected peak load of the unreinforced walls) and the load was monotonically increased until 
failure. The test was performed under displacement control with a constant rate of 0.5mm/min.  
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4. EXPERIMENTAL RESULTS 
The acquisitions of the DCT, recorded by LVDTs, were used to assess the behavior of the performed 
specimens in terms of in plane shear behavior. 
The displacements recorded by the wire sensors were not taken in to consideration to be applied for the 
calculations and were only placed for comparing and calibrating the displacements in case of losing one 
of the LVDTs. 
4.1 Shear strength 
4.1.1 URM-1 
Figure 66 illustrates the load-displacement diagram recorded by the LVDTs. 
 
The terms vertical and horizontal displacements are according to the set up that is mentioned by ASTM 
E 519-2010 denoting the closing and opening diagonals consecutively for both sides of the specimen, 
Figure 67. 
  
Figure 66-Load-displacement diagram (URM-1) 
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In accordance to Figure 66 it was observed that in the elastic range the load was increasing in an almost 
linear trend  up to a maximum load of 179 kN. This load was associated with displacements of Δv=0.2 
and Δh=0.05 mm. 
The post peak showed a smooth decay, which was recorded by the horizontal LVDTs (the opening 
diagonal direction) nevertheless, the vertical displacements (shortening displacements) depicted a 
sharp decrease with the load (a brittle failure in the closing diagonal). 
As previously mentioned, the acquisition of the displacements and the loads provides, according to 
RILM LUMB6 and ASTM E 519-2010, the evaluation of the shear stress-strain state and accordingly, 
the G modulus and the ductility ratio, Figure 68 shows the shear stress-strain diagram: 
 
 
 
 
 
 
 
 
 
 
Figure 67- The used LVDTs directions 
Figure 68- Shear stress-strain diagram of the URM-1 
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Shear stresses were evaluated according to both standards and the nominal shear strain is 
 𝛾 = 𝜀ℎ + 𝜀𝑣  
And  𝜀ℎ , 𝜀𝑣  were calculated depending on the gauge lengths of each LVDT individually and the averages 
of the horizontal and vertical displacements as following[39]: 
𝜀ℎ =
∆ℎ1 + ∆ℎ2
2𝑔𝑖
 
𝜀𝑣 =
∆𝑣1 + ∆𝑣2
2𝑔𝑖
 
It was observed that the behavior of URM-1 was mainly linear up to the first crack formation at 80% of 
the peak shear resistance that was equal to 𝜏0,ASTM= 0.31 MPa and 𝜏0,RILEM= 0.45 MPa with a 
corresponding strain equaled to 𝛾 =0.00075 which corresponded mainly to the diagonal tensile crack 
formed through the bed and head joints in stair-stepped shape. 
However, limited cracks occurred through the bodies of few bricks as tension shear cracks, see Figure 
69. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 69 -Cracks along the loaded diagonal URM-1 
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With the gradually widen cracks and increasing deformations, URM-1 showed a considerable change 
in the slope denoting the changes of the stiffness i.e. The principal tensile stresses in the panel largely 
exceed the tensile resistance of the masonry. 
4.1.2 URM-2 
The second unreinforced wall (URM-2) showed a linear trend up to the peak load of 115 kN, 
corresponding to almost even displacements Δv=0.13 mm and Δh= -0.12 mm 
However, the decreasing of the residual resistance after the peak was not dramatic, as shown in Figure 
70: 
 
 
 
 
 
 
 
 
 
 
 
 
The in-plane behavior of URM-2 is illustrated in shear stress-strain graph, Figure 71. 
Among the different failure mode that can be observed under a diagonal compressive load, the shear 
failure was reported in URM-2. 
A combination of diagonal stair-wise cracks and tensile cracks of some of bricks units was reported, 
which led to the formation of the strut in compression direction, see Figure 72. 
  
Figure 70-load-displacement (URM-2) 
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Figure 71- Shear stress-strain diagram of the URM-2 
Figure 72- Cracks along the loaded diagonal URM-2 
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In Figure 71, it was detected that the wall behaved linearly until reaching about 75-80% of its peak shear 
strength then a smooth decrease of the strength after the peak shear was noted, that is 𝜏0,ASTM= 0.196 
MPa and 𝜏0,RILEM= 0.29 MPa with an average strain 𝛾=0.0007. 
4.1.3 Repaired and retrofitted walls 
After performing DCT on the URM specimens, the formed cracks were filled throughout the in injection 
of the same mortar used for the matrix of TRM and then GeoGrid G200 was applied. 
4.1.3.1 URM-R-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 74-shear stress-strain diagram of the URM-R-1 
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Figure 73-Load-displacement (URM-R-1) 
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The load increased linearly until reaching the first peak, where the maximum value that the masonry 
itself could provide T= 227kN and no visible cracks were detected in the matrix. A sudden partial drop 
was observed after the first peak equals to 212 kN, Figure 73. This phenomenon may be associated to 
a load transmission between masonry and reinforcement system. The peak load attained by the 
specimen was T=271 kN associated to a displacement Δh=-3.8 mm. A linear increase of shear strength 
was observed in URM-R-1, Figure 74, up to the 70-80% of the first peak stress value. 
After the main peak that is (𝜏0,ASTM= 0.48 MPa and 𝜏0,RILEM= 0.71 MPa corresponding to nominal 
strain 𝛾=0.00527), the slope started to change gradually demonstrating the decrease of the stiffness 
that was associated with the evolution of the diagonal crack in TRM. 
The devolving of the diagonal crack led to local ruptures of the textile of TRM as Figure 75 shows: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 75- Cracks along the loaded diagonal URM-2 
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4.1.3.2 URM-R-2 
The URM-R-2 evidenced similar behavior to that of URM-R-1 reaching a load of T=240.5 kN associated 
to a relatively high value of displacement (Δh=-3.6 mm), Figure 76: 
 
 
 
 
 
 
 
 
 
 
 
The response of URM-R-2 was characterized by a significantly similar shear response, Figure 77, to 
URM-R-1’s also in terms of formation of the diagonal cracks along the compressed diagonal, Figure 78, 
as well as the slop changing phases and post peak response, Figure 76. 
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Figure 77-Shear stress-strain of URM-R-2 
Figure 76-Load-displacement (URM-R-2) 
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The first crack observed, occurred in the elastic range and was at shear stress level of 𝜏1, ASTM= 0.27 
MPa and 𝜏1,RILEM= 0.39 MPa corresponding to nominal strain 𝛾=0.0055,  
The peak stress is equal to 0.4 MPa and 0.6 MPa corresponding to ASTM and RILEM respectively.  
Rupture of the textile was detected mainly in the back side of the specimen, however, cracks diffused 
to the corner close to the jack and at the same time, a delamination of the TRM out of masonry substrate 
was observed too, see Figure 79. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 78 -Cracks along the diagonal,front 
side of URM-R-2 
Figure 79-Delamination of the TRM in the 
upper part of back side close to the jack 
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4.1.4 Retrofitted masonry walls G200-1&G200-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
-0.0013 0.0007 0.0027 0.0047 0.0067 0.0087 0.0107 0.0127
Ʈ 
(M
P
a)
ϒ%
Shear stress-strain
ASTM
RILEM
Figure 81-Shear stress-strain of G200-1 
Figure 80-Load-displacement (G200-1) 
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Figure 82-Shear stress-strain Diagram of G200-2 
Figure 83-Load-displacement (G200-2) 
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The maximum load capacities of the walls G200-1 and G200-2 were reached after an almost linear 
increment of the load up to 70% of the peak load with values of 310 kN and 282kN respectively, see 
Figure 80 and Figure 83. 
Both walls evidenced shear dominated response, that was detected by the evolution of diagonal crack 
along the loaded diagonal, Figure 84 and Figure 85. The crack developed in local ruptures during the 
gradual increase of the deformations in the textile and delamination close to the corners, Figure 86. 
The first crack observed occurred before reaching the maximum shear stress at stress level 89-90% of 
the peak stress in both cases associated with strain 𝛾 =0.00046, 𝛾 =0.00055 for G200-1 and G200-2 
successively, Figure 81 and Figure 82. 
The peak stresses were equal to 𝜏0, ASTM= 0.52 MPa and 𝜏0,RILEM= 0.78 MPa for G200-1 and  
𝜏0, ASTM= 0.48 MPa and 𝜏0,RILEM= 0.71 MPa for G200-2, after which the diagram exhibited a decreasing 
in the stiffness until the total damage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 84- Diagonal cracking in G200-1 
Figure 85-Diagonal cracking in G200-2 
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Figure 86-Delamination close to the jacks, G200-1 and G200-2 respectively. 
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4.2 Shear stiffness 
The stiffness was calculated by two approaches: 
The first one is by calculating the slop of the secant line in the elastic range of shear stress-strain 
diagram between 10% and 30% of the peak strength in the loading branch after the cycles, see Figures 
87-92. 
The second is by equation(15) according to ASTM, see section 2.3.3.1, which is derived from the secant 
modulus between the origin and the strain corresponding to first crack occurrence that is considered 
70% of Ʈmax. 
Nevertheless, this approach was not applicable in case or URM-R-1 and URM-R-2 because the strain 
associated to 70% is not in the elastic domain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 87-Stiffness of URM-1 
Figure 88-Stiffness of URM-2 
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Figure 89-Stiffness of URM-R-1 
Figure 90-Stiffness of URM-R-2 
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Figure 91-Stiffness of G200-1 
Figure 92-Stiffness of G200-2 
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Table 11 shows the values of shear stiffness for each wall as follows: 
 
 
 
 
 
 
 
 
 
4.3 Ductility  
Three solutions were used to estimate the ductility of each specimen including unreinforced panels in 
order to assess the changes of behavior before and after applying the strengthening reinforcement. 
Those solutions are derived from shear stress-strain diagram through so-called ductility ratio: 
   𝜇 =
𝛾𝑢
𝛾𝑒
  (19) 
𝛾𝑢:is the ultimate strain associated with stress level of 20% drop of the peak stress in the softening part, 
however, the difference between solutions is related to the evaluation of the elastic strain 𝛾𝑒. 
The first solution is used by [37] and [38] with the assumption of that the wall does not behave in elastic 
trend after the peak strength where  𝛾𝑒  corresponds to the peak stress. 
The second one is defined by [36] and [39] and this solution depends on the equivalence of the areas 
under the experimental and bilinear idealised Shear stress-strain diagram by considering a secant line 
from the and 70% of the maximum shear stress. 
Figure 93 illustrates that once the area below the experimental 𝜏 − 𝛾 (the black filled area) equals to the 
area below the idealised diagram (the blue one) the limit elastic shear strain can be defined. 
The third solution is by Gattesco [43] which defines 𝛾𝑒 as the elastic shear deformation corresponding 
to a value of the load equals to the peak load. The shear strain 𝛾𝑒 is given by the ratio between the 
peak strength and the shear modulus G. 
Table 12 illustrates the ductility ratio for the specimens calculated by the three solutions. 
Table 11-Shear stiffness of the specimens 
Wall name G (MPa) 
 First approach Second approach 
URM-1 1387 1259 
URM-2 913 629 
URM-R-1 1235 ----- 
URM-R-2 1009 ----- 
G200-1 1568 1411 
G200-2 1583 1120 
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Table 12- The ductility ratio for each wall specimen calculated by the three solutions. 
Figure 94 illustrates the calculation of the elastic shear strain by the second solution, through which the 
elastic strain can be defined once the area above the experimental diagram (the blue area) is equal to 
the area above the idealized one (the black one). 
 
  
 
Wall name 
Ductility ratio μ 
First solution Second solution Third solution 
URM-1 4.19 7.16 8.93 
URM-2 15.05 21.69 50.4 
URM-R-1 1.69 2.35 22.9 
URM-R-2 1.64 2.47 49.5 
G200-1 3.83 8.24 14.8 
G200-2 3.63 17.12 33.66 
Figure 93-evaluation of limit elastic strain from the bilinear idealised diagram 
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Figure 94-Areas equivalence used for G200-1 
Secant at 70% of Ʈmax 
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5. COMPARISON OF THE RESULTS 
In this section, the comparison between the results of the walls was made considering the unreinforced 
specimens as a reference noting that URM-R are the same of URM specimens after the applying of the 
reinforcement. 
By this comparison, the enhancement of shear strength, shear stiffness and ductility acquired by 
applying TRM was evaluated and presented as follows: 
5.1 URM & URM-R 
The results obtained from DCT in terms of load capacity and shear strength (in accordance to ASTM) 
of both specimens are shown in Figure 95 and Figure 96 successively:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 96-ASTM shear strength (URM Vs.URM-R) 
Figure 95-load-displacement (URM Vs. URM-R) 
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The results of URM specimens have a scattering that might be as a result of the relatively big coefficient 
of variation of the components or due to defects during the construction. 
The URM-R specimens showed an increase of load bearing capacity and shear strength up to 55% in 
case of the URM-R-1 (from 𝜏0,ASTM = 0.3MPa to 𝜏0,ASTM = 0.48MPa), while in case of URM-R-2 the 
increment was 105% (from 𝜏0,ASTM = 0.19 MPa to 𝜏0,ASTM = 0.4 MPa).  
In terms of stiffness, it was observed that after repairing the cracks and applying the TRM the stiffness 
was restored in the two specimens URM-R-1& URM-R-2, highlighting the effectiveness of this type of 
repairing in case of damaged constructions, Figure 97. 
The comparison of the general ductile behavior in this case was made by observing that URM-R showed 
A ductile behavior starting from the pre-peak phase that was more than URM specimens’, in case of 
URM-R-1 the ductility increased by 2.5 times comparing with URM-1 and URM-R-2 showed 1.5 times 
more than that of URM-2’s. 
Nevertheless, it is important to notice that the peak load in case of URM-R-1&2 was reached in 
corresponding to shear deformations that were higher than those of URM by 7 times and 16 times 
respectively and this is an indication of a considerably good deformation capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 97-Stiffness comparison of URM & URM-R 
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5.2 URM & G200 
In accordance to Figure 98 and Figure 99, it was observed that the response of G200 in comparison 
with the unreinforced panels was enhanced significantly in terms of shear strength and load bearing 
capacity respectively. In term of the peak load, G200-1 and G200-2 evidenced an increase of 100% and 
90% respectively, that denotes the effectiveness of TRM for improving the behavior of the panels 
strengthened with. 
Both specimens (G200-1 and G200-2) showed similar linear trend to the one developed by the 
unreinforced panels, and this can be observed throughout the moderate increment of stiffness of 37% 
for both retrofitted panels, Figure 100. 
This resultant stiffness shows that the application of TRM is compatible with historical masonry and does 
not compromise the structural integrity of the structure in term of over stiffening, an issue that cannot be 
avoided with FRP. 
By observing the behavior in the post peak in Figure 99, a similar stability was noticed in the softening 
phase for both G200-1 and G200-2 to that of the URM-1&2, which can be reflected in the limited 
improving of the ductility of the retrofitted walls (μ=14.8 and μ=33.66 respectively, comparing with  
μ=8.93  and μ=50 for URM1&2). 
G200-1 and G200-2 showed in terms of peak load, an increment up to 3 times than the URM1&2’s, and 
this refers to a better redistribution of stress in the specimen after applying TRM. 
Table 13 shows a summary of compared results of the walls: 
Table 13 – Comparison of average parameters of tested walls 
Comparison parameter URM & URM-R URM & G200 
ΔƮ % 75% 100% 
ΔG % -2% 37% 
Δμ ≈1.2 times ≈ 1 times 
Δd 12 times 3 times 
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Figure 99- Shear strength (URM Vs.G200) 
Figure 98-Load-Displacement (URM Vs G200) 
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6. ANALYTICAL INVESTIGATION 
In this section, the analytical investigation is based on the assessment of the methodologies that are 
proposed by CNR for FRP strengthening systems design guidelines as well as ACI 549_4r_13 for 
designing FRCM systems.  
In order to assess the possibility of applying these methodologies for TRM systems and to what extent 
are these methodologies representative of the behavior of TRM, the assumption that the total shear 
capacity of the strengthened panel with TRM system is the sum of both masonry contribution and TRM 
contribution was adopted. 
 
 𝑉𝐴 = 𝑉𝑀 + 𝑉𝑇 (31) 
 
In case of G200-1 and G200-2, the contribution of masonry 𝑉𝑀 was considered as the average of the 
experimental maximum values of shear capacities that were obtained after DCT test of the unreinforced 
panels URM-1 and URM-2. While in case of URM-R-1&2, the contribution of the repaired masonry 
assumed to be equal to that of URM-1&2 respectively (179 kN and 115 kN), Table 14. 
This assumption was made after observing that URM-R’ stiffness was almost totally restored.  
 
Figure 100-Stiffness comparison of URM & G200 
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Table 14- the contribution of masonry to the maximum total shear capacity 
Wall name URM-1 URM-2 
Shear capacity 179 kN 115 kN 
The average shear capacity 147 kN 
The contribution of TRM system to the maximum shear capacity of the strengthened panels was 
evaluated depending on equations (27) and (29), see section 2.5, that correlate the shear capacity to 
the ultimate tensile strength ( 𝑓𝑣 = 𝐸𝑡 ∗ Ɛ𝑡 ) as following: 
a) In case of CNR guideline, the contribution of TRM was evaluated considering the mesh as a group 
of adjacent strips (𝑏𝑓 𝑝𝑓⁄ = 1). Ignoring the safety factors that are only required for design purposes, 
to have equation (27) is as following: 
 
 𝑉𝑡 = 2 ∗ 0.6 ∗ 𝑑 ∗ 𝐸𝑡 ∗ Ɛ𝑡 ∗ 𝑡 (32) 
Where: 
- 𝐸𝑡 is Young’s modulus of the textile in the direction of the fibers (70 GPa). 
- Ɛ𝑡 the ultimate tensile strain of the textile (1.9%). 
- 𝑡 the thickness of the textile (0.032 mm). 
By applying equation (32) in the case of wall G200-1, the obtained results are as following: 
 
 
 
 
 
 
 
 
 
 
The shear capacity is calculated by considering that the ultimate capacity of the TRM is reached in the 
peak: 
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Figure 101-G200-1 
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𝑉𝑡 = 2 ∗ (0.6 ∗ 1275) ∗  (70) ∗  (0.019) ∗  (0.032) = 65.1 kN 
𝑉𝐴 = 𝑉𝑚 + 𝑉𝑡 = 147 + 65.1 = 212.1 kN  
The total capacity of G200-1 that was obtained experimentally is 𝑉𝐸 = 310.6 kN  
Hereby, the difference between the analytical estimation of the total shear capacity of the wall and the 
experimental one is evaluated as: 
𝛥𝑉 = 𝑉𝐸 − 𝑉𝐴 = 310.6 − 212.1 = 98.5 kN      
Similarly, the contribution of TRM to the total shear capacity of the rest of the walls was calculated and 
illustrated in Table 15. 
b) In accordance to ACI 549_4r_13, the shear capacity that is evaluated in equation (29) was applied 
taking in consideration the mechanical properties of the textile instead of the FRP’s noting that only 
one grid was applied to each side of the wall ( 𝑛 = 1) to be as following: 
 
When applying this equation with G200-1 wall parameters, the results are as follows: 
𝑉𝑡 = 2 ∗ (0.032) ∗  (1275) ∗  (70) ∗  (0.019) = 108.5 𝑘𝑁   
Then the total shear capacity of G200-1 is the sum of both masonry and TRM contributions: 
𝑉𝐴 = 𝑉𝑚 + 𝑉𝑡 = 147 + 108.5 = 255.5 kN  
To obtain a difference between the experimental and the analytical results that equals to: 
𝛥𝑉 = 𝑉𝐸 − 𝑉𝐴 = 310.6 − 255.5 = 55.1 kN      
A similar evaluation was applied for the rest of the walls and the results are organised in Table 16. 
Table 15-Shear capacity according to CNR 
 
 𝑉𝑡 = 2𝐴𝑓 ∗ 𝐿 ∗ 𝐸𝑡 ∗ Ɛ𝑡 (33) 
Wall name 𝑉𝑀 (kN) 𝑉𝑡 (kN) 𝑉𝐴 (kN) 𝑉𝐸 (kN) 𝛥𝑉 = 𝑉𝐸 −
𝑉𝐴 (kN) 
𝛥𝑉 % 𝛥𝑉 % 
(average) 
G200-1 147 65.1 212.1 310.6 98.5 46.4%  
39.8% G200-2 147 65.1 212.1 282.7 70.6 33.2% 
URM-R-1 179 65.2 244.2 271.9 27.7 11%  
22.2% URM-R-2 115 65.2 180.2 240.5 60.3 33.4% 
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Table 16- shear capacity according to ACI 549_4R_13 
 
Depending on these results, it is reported that the values of CNR and ACI varied considerably depending 
on the conditions in which TRM reinforcement systems were used (repairing systems or strengthening 
systems). 
In the case of using TRM as strengthening systems for G200-1 and G200-2, both standards provided 
analytical shear capacities that were less than the experimental values by 39.8% and 16.3% for CNR 
and ACI 549_4R_13 respectively. 
However, shear capacity value provided by ACI was more representative than that of CNR and that is 
due to the parameter  0.6 𝑑 in equation (27) provided by CNR, see section 2.5. 
While in equation (29) proposed by ACI, see section 2.5, the total length of the panel in the direction of 
the shear is considered. 
When TRM was used as a repairing system for URM-R-1&2, ACI gave representative estimations that 
were close to the experimental shear capacity more than CNR. 
Even though URM-R-1 showed a higher analytical shear capacity than the experimental one by 5.8%, 
the average shear capacity in case of ACI was more reliable than that of CNR (1%- 22.2% respectively). 
  
Wall name 𝑉𝑀 (kN) 𝑉𝑡 (kN) 𝑉𝐴 (kN) 𝑉𝐸 (kN) 𝛥𝑉 = 𝑉𝐸 −
𝑉𝐴 (kN) 
𝛥𝑉 % 𝛥𝑉 % 
(average) 
G200-1 147 108.5 255.5 310.6 55.1 21.6%  
16.3% G200-2 147 107.9 254.9 282.7 27.8 10.9% 
URM-R-1 179 109.7 288.7 271.9 -16.8 -5.8%  
≈1% URM-R-2 115 109.5 224.5 240.5 16 7.1% 
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7. CONCLUSION AND FURTHER WORK 
7.1 Conclusion 
The main aim of this thesis was to evaluate the efficiency of TRM systems in retrofitting of masonry 
walls as well as to assess the reliability of the available analytical approaches for the estimation of the 
contribution of TRM systems to enhancing the in-plane shear capacity of historical substrates. 
In order to fulfill the goal, an experimental campaign was carried out at UPC laboratory in a framework 
of MULTIMAS Project and the sponsorship of KERAKOLL company, where 6 masonry walls were tested 
with DCT. 
In the light of the analysed results that were obtained experimentally and analytically, it was possible to 
draw the following conclusions:  
- It was observed that TRM has changed the crack pattern from diagonal stair-wise cracks through head 
and bed joints were noted in case of the unreinforced specimens into a diagonal tensile cracking along 
the compressed diagonal for both of strengthened and repaired specimens,  which is an expected failure 
mode under DCT, followed by localized delaminations near the corners as well as local ruptures of the 
textile. 
- Shear stress-strain diagrams obtained experimentally on the repaired specimens URM-R-1 and URM-
R-2 indicated that basalt and steel meshes used as repairing systems have enhanced the in-plane shear 
response of masonry panels in terms of the shear strength and ductility. Moreover, the deformation 
capacity was improved by even 12 times, as well as the stiffness was restored, which demonstrated the 
effectiveness of TRM in repairing the damaged historical masonry. 
- TRM used as a strengthening system (G200-1 and G200-2) a double load bearing capacity was 
obtained in comparison with URM. A moderate increment of the stiffness was observed (37%), that 
highlights the compatibly of TRM to the historical masonry. Nevertheless, no significant increment was 
reported in term of the ductility (a similar under-shear- ductility was observed). 
- In spite of no transversal anchorage was performed, the debonding failure between masonry surfaces 
and TRM was limited, that demonstrates a relatively good bonding strength. 
The analytical correlation was carried out throughout the evaluation of TRM contribution to the total in-
plane shear capacity of the walls depending on design formulas provided by both standards CNR [44] 
and ACI 549_4R_13 [45]. 
The analytical methodology proposed by ACI 549_4R_13 is proven effective and reliable in case of 
repairing damaged masonry that evidenced a diagonal tensile cracking, issue that highlights that basalt 
and steel textile has reached the ultimate tensile strain, which can be observed by local ruptures in the 
textile along the cracked diagonal.  
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CNR is proven to be conservative regarding the estimation of TRM shear contribution to the repaired 
specimens. 
In case of strengthening of undamaged specimens with basalt and steel meshes, both standards 
underestimated their contribution to the total shear capacity, with higher values in case of CNR. The 
results of the work show the need for improved analytical formulations specifically calibrated for the case 
of TRM systems, since the available formulations for FRP strengthening have shown some limitations. 
 
7.2 Further work 
The analytical results obtained are proven to be effective in case that the substrates are subjected to in-
plane shear stress-state, where mainly a diagonal cracking is observed. In other words, DCT does not 
represent all possible failure mechanisms that may occur in masonry walls. Accordingly, other shear 
test methods such as shear-compression test are recommended in order to characterize the contribution 
of basalt and steel meshes to enhancing the global behavior of both retrofitted and unreinforced panels 
when different failure modes maybe present (debonding of TRM, shear sliding along one bed joint, 
compression failure etc.) 
Further research about the effects of using different reinforcement configurations (including the 
orientation of the textile) on improving the shear behavior of masonry substrates is recommended. 
Moreover, the contribution provided by TRM in case of out-of-plane mechanisms is crucially to be 
studied as well as the different parameters of the substrates (masonry wall thickness, thickness of the 
matrix and the equivalence modulus of elasticity of TRM ( 𝐸𝑒𝑞) as a system composed of textile and 
matrix etc.)   
Further studies in order to improve the analytical methodologies, such as those provided by ACI 
549_4R_13, in case of strengthened substrates with TRM and assessing the reduction factor of the 
experimental shear capacity. 
Furthermore, an experimental characterization of textile mechanical properties through tensile tests is 
crucially recommended to study the experimental ultimate tensile strain and the modulus of elasticity. 
Bond tests are also preferable to evaluate the bond strength between TRM and the substrate, which 
affects TRM contribution to the shear and deformation capacity in case of premature debonding failure. 
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